Introduction {#s1}
============

Legumes are able to accumulate large amounts of proteins in their seeds even in the absence of nitrogen (N) fertilizer thanks to their ability to interact symbiotically with soil-borne Rhizobiaceae that fix atmospheric dinitrogen. In pea (*Pisum sativum*), one of the most cultivated pulse crops, seeds contain between 18--34% protein on a dry-weight basis ([@CIT0015]). As in other legumes, pea seed proteins are poor in the sulfur (S) amino acids methionine and cysteine (S-AA). However, being rich in lysine, they complement the protein intake from cereals, which are in contrast poor in lysine ([@CIT0015]). About 70% of seed proteins in legumes are seed-storage proteins consisting of 7S (vicilins, convicilins) and 11S (legumins) globulins ([@CIT0011]). These abundant proteins differ in their nutritional properties. Notably, 11S globulins contain higher levels of S-AA than 7S globulins (1.5% and 0.6%, respectively, in *Medicago truncatula*) ([@CIT0079]). Hence, variations in the 7S/11S ratio (which has a mean value of 1 in the pea cultivar 'Caméor'; [@CIT0012]) could influence the nutritional quality of legume seeds by affecting the dietary intake of methionine and cysteine. Variations in this ratio could also influence the functionality of protein isolates such as their solubility, foaming, and emulsifying capacities ([@CIT0021]; [@CIT0064]), or their textural properties ([@CIT0050]).

Variations in environmental conditions influence the final seed yield and the content and composition of proteins in pea ([@CIT0036]; [@CIT0012]). One of the environmental constraints affecting crop productivity is water stress (WS), which is predicted to occur more frequently and severely with climate change. In pea, water stress is a major yield-limiting factor ([@CIT0029]), and its impact depends on the intensity of the stress and its duration, and on the phenological stage at which it occurs ([@CIT0052]; [@CIT0033]; [@CIT0061]). Previous studies on water stress have suggested that S nutrition could play a key role in the plant response ([@CIT0017], and references therein). Under water stress, sulfate concentration increases in the xylem sap ([@CIT0026]; [@CIT0046]) and enhances stomatal closure in the shoot by promoting the expression of genes involved in abscisic acid (ABA) synthesis ([@CIT0046]). Moreover, a rapeseed cultivar with improved efficiency of S uptake and utilization is more resistant to water stress ([@CIT0042]), supporting the importance of S in tolerance to water stress.

Due to controls on emissions, areas with S-deficient soils are increasing ([@CIT0048]) and molecular indicators are being developed to diagnose S deficiency ([@CIT0027]). In legumes, the S-starvation response can be reduced through mycorrhizal colonization under high phosphate levels ([@CIT0068]). S deficiency reduces photosynthesis through a negative effect on both chlorophyll content and the rate of photosynthesis per unit chlorophyll ([@CIT0073]), and affects nitrogen fixation and assimilation ([@CIT0065]; [@CIT0078]; [@CIT0074]). S deficiency also affects the quality of legume seeds, such as germination capacity and the accumulation of 11S globulins, which is compensated by an increased accumulation of 7S globulins ([@CIT0008]; [@CIT0018], [@CIT0019]; [@CIT0071]; [@CIT0079]). Variations in legume seed globulins have been shown to be primarily controlled at the transcriptional level, with the changes in transcript abundance closely reflecting the pattern of synthesis of the corresponding globulins ([@CIT0019]; [@CIT0031]).

Since water stress may occur simultaneously with S deficiency in cropping systems with low fertilizer input, the impact of deficiency combined with a water-stress period is clearly very important but has not previously been studied. Recent studies have highlighted the fact that the plant response to a combination of two abiotic stresses is unique and that the outcome of the interaction cannot be extrapolated from the effects of the individual stresses ([@CIT0057]; [@CIT0077]). Plants adapt their responses to combined stress factors, displaying unique and/or common responses compared to single stresses. The interaction between two stresses can be either additive (adding the impacts of two hypothetical stressors) or synergistic (a response that is greater than the additive response) and, in some cases, mitigation strategies have been revealed ([@CIT0057]). In this study, we provide a first overview of the combined effects of water stress and S deficiency on pea productivity, nutrient partitioning between plant parts, and seed quality traits. Moderate water stress was applied at the beginning of the reproductive phase, a period during which this stress frequently occurs in the field. Clear differences in the plant and seed characteristics in response to the combined stress compared to the individual stresses were observed, highlighting synergistic effects on reproductive processes and mitigating effects on seed globulin composition, which could be explained by changes in seed sink strength for N. By studying the transcriptome of developing seeds, specific molecular signatures for S deficiency and for the combined stress were identified, some of which could play key roles in the transcriptional regulation of globulin accumulation.

Materials and methods {#s2}
=====================

Plant growth conditions {#s3}
-----------------------

Seeds of *Pisum sativum* L. ('Caméor' genotype) were pre-germinated for 5 d in a Fitoclima S600 germinator (Aralab, Rio de Mouro, Portugal) at 20 °C in the dark. The germinated seeds were sown individually in 2-l pots containing a mixture of perlite/sand (3/1, v/v) at a day/night temperature of 19/15 °C, with a 16-h photoperiod with artificial lighting (250 μmol m^--2^ s^--1^). The seedlings were irrigated with a nitrate- and S-rich nutrient solution (S+) as previously described \[[@CIT0079]; 2 mM Ca(NO~3~)~2~ as the only modification\] for 3 weeks (to the 5-/6-node stage). Half of the plants were then subjected to S deficiency (S--) by using the same solution lacking MgSO~4~.7H~2~O but containing 1.16 mM MgCl~2~, after rinsing the substrate twice with deionized water and then twice with the S-- solution. After 8 d of S deficiency, plants at the 8-node stage (on the primary branch: emerging secondary branches were removed throughout development) were transferred to an automated Plant Phenotyping Platform for Plant and Micro-organism Interactions (4PMI, Dijon, France). Plants were automatically weighed and watered four times a day in order to maintain a soil relative water content corresponding to the maximum (100%) water-holding capacity of the substrate. At flowering of the second/third flowering node, irrigation was stopped for half of the plants until the soil water content reached 50% of the maximum water-holding capacity of the substrate. Once this target value was reached it was maintained for 9 d. Plants were then re-watered normally with their appropriate solution (S+ or S--) until maturity ([Fig. 1A](#F1){ref-type="fig"}).

![Experimental design for studying the interaction between water stress and S deficiency in pea (cv. 'Caméor'). (A) Developmental stages at which stresses were imposed. Control, plants were well watered under non-limiting S conditions; S--, plants were deprived of S from the mid-vegetative stage until harvest; WS, plants were subjected to water stress from flowering of the 2nd or 3rd reproductive node for 9 d, then re-watered for recovery; S--WS, plants were subjected to a combination of the two stresses. Developing seeds were collected at the end of the water-stress period for transcriptome analyses, and other plants were harvested at maturity for phenotyping and analyses of seed composition. (B) Leaf water potential measured at the end of the water-stress period. Data are means (±SE), *n*=4 plants. Different letters indicate significant differences as determined by ANOVA followed by a SNK test (*P*\<0.1). (C) Schematic representation of how mature seeds were collected. For each plant, seeds from each individual flowering node (dots on the left diagram) were collected at maturity and pooled into four groups (G1--G4). G1 seeds corresponded to flowering nodes that flowered before the beginning of the water stress period; G2 seeds corresponded to the flower that opened on the day that water stress was imposed; G3 and G4 seeds corresponded to nodes that flowered during the water-stress period. G1--G3 seeds had passed the final stage of seed abortion (FSSA) 3 d after the end of the water-stress period, while G4 seeds had not. Note that no G4 seeds developed on the double-stressed plants.](erz114f0001){#F1}

Physiological measurements and collection of seed samples {#s4}
---------------------------------------------------------

The midday leaf water potential was measured at the end of the water-stress period on the last fully expanded leaf of four plants per treatment in a C52 sample chamber coupled to a HR-33T Dew Point Microvoltmeter (Wescor Inc.). The chlorophyll content of the leaf from the first reproductive node of 7--10 plants per treatment was estimated throughout the reproductive period using a SPAD-502 chlorophyll meter (Minolta).

For each plant, the flower that opened on the day that water stress was applied was tagged, thus allowing us to separate seeds at harvest that corresponded to flowers that opened before water stress, on the day it was applied, and during the stress period. A pea pod sizer developed by Arvalis-Institut du Végétal was used to non-destructively estimate whether or not the seeds of the plants had reached the final stage of seed abortion (FSSA, i.e. the stage at which seeds no longer abort: pod thickness \>0.7 cm) ([@CIT0051]). FSSA measurements were carried out 3 d after the end of the water-stress period, which corresponded to 12 d after pollination (DAP) for the tagged pod. Mature seeds were harvested in four groups (G1--G4) according to the date of anthesis of the corresponding flower, with G3 and G4 being further defined according to the FSSA measurements ([Fig. 1C](#F1){ref-type="fig"}). For germination tests, 20 mature seeds (G1--G4 pooled) from each of three replicate plants per treatment were germinated in the dark at 20 °C as described by [@CIT0007]. A seed was considered as germinated when the radicle protruded through the seed coat.

For transcriptomics, developing seeds were harvested from tagged pods at 9 DAP, corresponding to 9 d after the beginning of the WS period ([Fig. 1A](#F1){ref-type="fig"}). The experiment was carried out in a randomized complete block design with either three (S-- and WS treatments) or four (control and S--WS treatments) biological replicates per treatment, each replicate consisting of two plants pooled together.

Measurements of S, N, and C contents in mature seeds and plant parts {#s5}
--------------------------------------------------------------------

S, N, and carbon (C) contents were determined on dried (80 °C for 48 h), ground tissues from four plants per treatment. Samples included seeds (separated into four groups as described before), pod walls, roots, vegetative parts (leaves and stems developed before flowering, i.e. below the first reproductive node), and reproductive parts (leaves and stems of the reproductive nodes). N and C contents were determined from 5 mg of ground tissue using the Dumas procedure on a Flash 2000 Elemental Analyzer (ThermoFisher Scientific) with two technical replicates per sample. S content was determined from 20 mg of ground tissue mixed with 5 mg of tungsten trioxide on an elemental PYRO cube analyser (Elementar), with two technical replicates per sample. Using these data, the quantity of elements in each plant part was calculated by multiplying the element concentrations by the total biomass of each part. Nutrient partitioning between plant parts was calculated as a percentage relative to the total quantity of each element in the entire plant.

Extraction, separation, and relative quantification of seed proteins using 1-D electrophoresis gels {#s6}
---------------------------------------------------------------------------------------------------

Total soluble proteins were extracted as previously described ([@CIT0031]) from four biological replicates of mature seeds using 500 μl of urea/thiourea buffer for 10 mg of seed powder. Protein concentration was determined according to [@CIT0013] using a Bio-Rad Protein Assay. For each seed sample, 10 µg proteins were separated by one-dimensional electrophoresis (1-DE) in a SDS polyacrylamide gel using the XCell4 *Surelock*^TM^ Midi-Cell system (Life Technology) \[Resolution gel: 4.1 mM Tris-HCl pH 8.8, 40% (v/v) acrylamide/bisacrylamide (30%/0.8%), 1% (g/v) SDS, 0.05% (g/v) ammonium persulfate, 0.05% (v/v) TEMED; Concentration gel: 0.6 mM Tris-HCl pH 6.8, 13% (v/v) acrylamide/bisacrylamide (30%/0.8%), 1% SDS, 0.05% ammonium persulfate, 0.05% TEMED; Electrophoresis buffer: 50 mM Trizma base, 380 mM glycine, 0.1% (g/v) SDS\]. After staining with Coomassie Blue R250 (Bio-Rad), gels were scanned using an Odyssey Infrared Imaging System (LI-COR) with an intensity of 7.5 and a resolution of 84 μm. Protein band detection and quantification were performed using Phoretix 1D (v11.2, TotalLab Limited). In each well, the quantitative data were normalized by dividing the volume of each protein band by the total band volume, and the molecular weight (kDa) of each band was calculated using a low-range protein ladder (Bio-Rad).

Identification and annotation of mature seed proteins {#s7}
-----------------------------------------------------

Protein bands were excised from the gel and protein digestion was carried out according to [@CIT0040]. The resultant peptides were extracted in 5% formic acid (10 min sonication, supernatant removed and saved), followed by incubation in 100% acetonitrile/1% formic acid (1:1, 10 min), and a final incubation with 100% acetonitrile (5 min, supernatant was again removed and saved). These two peptide extractions were pooled and dried using a SPD1010 speedvac system (Thermosavant, Thermofisher Scientific). The resultant peptide mixtures were analysed by nanoflow liquid chromatography-tandem mass spectrometry (nanoLC-MS/MS) for protein identification. Peptide separation and data acquisition were performed according to [@CIT0040] on a LTQ Orbitrap Velos mass spectrometer (ThermoFisher Scientific) coupled to an Ultimate® 3000 RSLC Ultra High Pressure Liquid Chromatographer (Dionex) controlled by Chromeleon Software (v6.8 SR11; Dionex). MS/MS ion searches were performed using Mascot (v2.3.2, Matrix Science) via Proteome Discoverer 2.1 software (ThermoFisher Scientific) against the pea gene atlas ([@CIT0004]). The search parameters included trypsin as a protease with two allowed missed cleavages and carbamidomethylcysteine, methionine oxidation, and acetylation of N-term protein as variable modifications. The tolerance of the ions was set to 5 ppm for parent and 0.8 Da for daughter-fragment ion matches. Peptides and proteins identified by Mascot were validated using Scaffold (v4.8.3, Proteome Software): protein identifications were accepted when they contained at least two identified peptides and when the probability was at least 95% and 99% as specified by the PeptideProphet and ProteinProphet algorithms, respectively ([@CIT0037]). To annotate each protein band, we used the quantitative values obtained by mass spectrometry. These values corresponded to the Normalized Weighted Spectra counts calculated by Scaffold 4.8.3 ([Supplementary Table S1](#sup2){ref-type="supplementary-material"} at *JXB* online) that reflected the abundance of each protein identified within a band. We assigned a protein name to a band only when the Normalized Weighted Spectra count indicated a high abundance for this protein (i.e. a major protein).

RNA sequencing, read mapping, and differential analyses {#s8}
-------------------------------------------------------

Total RNAs were extracted from 9-DAP seeds using an RNeasy Plant Mini Kit (QIAGEN), treated with an RNase-Free DNase Set (QIAGEN), and then purified by lithium chloride precipitation. Quantification of RNA was performed using a spectrophotometer NanoDropTM 2000 (ThermoFisher Scientific) and RNA quality was assessed on a 2100 Bioanalyzer (Agilent Technologies). The same RNA pools were used for RNA sequencing (RNA-seq) and reverse-transcription quantitative PCR (RT-qPCR). RNA-seq was performed on an Illumina HiSeq3000 to generate 150-nucleotide-long paired-end reads. RNA-seq libraries were prepared using an Illumina TruSeq Stranded mRNA sample prep kit according to the manufacturer's instructions. Briefly, mRNAs were selected using poly-T beads, fragmented to generate double-stranded cDNA, and ligated to adapters. Eleven cycles of PCR were applied to amplify the libraries. Library quality was assessed using a Fragment Analyzer (Agilent Technologies) and libraries were quantified by qPCR using a Kapa Library Quantification Kit (Roche). RNA-seq experiments were performed on an Illumina HiSeq3000 using a paired-end read length of 2×150 pb with Illumina HiSeq3000 sequencing kits. The sequence quality of the raw data was assessed using the FastQC v0.11.2 software (<http://www.bioinformatics.babraham.ac.uk/projects/fastqc>) and raw data were corrected using the k-mer-based error correction software Rcorrector (*-k 31*) ([@CIT0045], Preprint; [@CIT0070]). The corrected data were trimmed for low-quality and adapter sequences using Trimmomatic v0.32 ([@CIT0009]) with the following parameters: ILLUMINACLIP:TruSeq3PE2:2:40:15, LEADING/TRAILING:2, SLIDINGWINDOW:4:15, and MINELN:25. Trimmed reads with less than 25 bp and unpaired reads were discarded. The corrected and trimmed reads were aligned against the Pea Reference Genome sequence v1 (<https://urgi.versailles.inra.fr/Species/Pisum/Pea-Genome-project>) using the HISAT2 v2.0.5 alignment program ([@CIT0038]) with the specific parameter *\--dta* for output compatibility with StringTie 1.2.2 ([@CIT0060]). For each library, more than 90% of the reads were uniquely mapped to the genome ([Supplementary Table S2](#sup2){ref-type="supplementary-material"}). A protocol was developed based on [@CIT0059] to annotate new transcripts. New transcript assembly was performed using StringTie 1.2.2 with default parameters and with a file containing reference gene models as a guide. For each library, a StringTie prediction was made based on HISAT2 mapping files. Assemblies from the different samples were then merged using the StringTie *merge* function. The Gffcompare v0.9.9e software (<https://github.com/gpertea/gffcompare>) was used to classify the predicted transcripts compared to the reference, and only new transcripts were kept (class code U, i.e. the predicted transcript is intergenic in comparison to known reference transcripts). To remove potential transposable elements (TEs) from our set of new assembled transcripts, transcript and TE coordinates were compared using the Bedtools intersect v2.26.0 software ([@CIT0062]) with the option *\--wao*. Transcripts with more than 50% coverage with a TE were removed from our data set. Long non-coding transcripts were identified using the FEElnc v0.1.0 software ([@CIT0076]) with default parameters. When a coding protein gene had at least one of its alternative transcripts identified as a long non-coding RNA (lncRNA), all alternative sequences were mapped against the protein databases of *Medicago truncatula* v4 (<http://www.medicagogenome.org/>) and *Arabidopsis thaliana* TAIR10 (<https://www.arabidopsis.org/>). When a match (e-value\<0.001) was obtained for at least one of the transcripts, the gene and its alternative transcripts were considered as coding RNAs. Coding transcripts were translated into proteins using the *load*, *longestorf*, and *translate* commands from the JCVI toolbox ([@CIT0072]). The entire dataset was mapped against the *Medicago truncatula* proteome (v4) and the *Arabidopsis thaliana* proteome (TAIR10) using Blastp with an e-value of 0.001. For each species, the best hit for both coverage and identity was selected. Protein domain characterization and assignment of gene ontology (GO) terms were performed using InterProScan5 ([@CIT0035]). Mapped reads were assigned to the pea reference genome v1 enriched with the new transcripts using FeatureCounts v1.5.0-p3 ([@CIT0043]). Only paired reads that mapped once and that were correctly mapped on the same chromosome were counted (*-p -B -C*). Reads were assigned to their overlapping meta-features. Counts of genes were pre-filtered to keep only rows that had at least 10 reads total. Pairwise differential gene expression between control and stress treatments was obtained using the DESeq2 R package (1.12.3 version) ([@CIT0044]). Genes were considered as differentially expressed when the false discovery rate (FDR)-adjusted *P*-value was ≤0.05. GO term enrichment analysis was conducted using the TopGO R package (2.34.0 version; [@CIT0002]), with the Elim method and Fisher's exact test (*P*\<0.001).

RT-qPCR {#s9}
-------

Samples of 5 µg of DNAse-treated RNA were reverse-transcribed with an iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer's protocol in a final volume of 20 µl. Quantitative real-time PCR was carried out on a LightCycler 480 apparatus (Roche) as described by [@CIT0055] with GoTaq qPCR Master Mix (Promega), using 3 µl of 50× diluted cDNA and 0.2 µM of each primer in a final volume of 10 µl. Reactions were performed in duplicates from each biological replicate. Expression levels relative to the housekeeping reference genes *Actin* (Psat5g063760) and *Histone* (Psat6g056720) were calculated using the ΔΔ*C*~T~ method ([@CIT0067]). Primers used for the reference genes and deregulated genes are given in [Supplementary Table S3](#sup2){ref-type="supplementary-material"}.

Statistical analyses {#s10}
--------------------

Statistical analyses of phenotypic and physiological data, 1-DE gel-derived protein data, and CNS content, quantities, and partitioning were conducted using Statistica Version 7.0 (StatSoft). ANOVAs followed by Student--Newman--Kheul (SNK) *post hoc* tests were used to determine significant differences (*P*\<0.05, except for leaf water potential where *P*\<0.1).

Results {#s11}
=======

S deficiency combined with water stress dramatically affects seed yield components {#s12}
----------------------------------------------------------------------------------

To investigate the interplay between S nutrition and the response to water stress, *Pisum sativum* plants (cv. 'Caméor') deprived of S from the mid-vegetative stage (to minimize vacuolar storage of sulfate) were subjected to a moderate water stress (WS) for 9 d during the early reproductive phase, i.e. at flowering of the second or third reproductive nodes (S--WS treatment, [Fig. 1A](#F1){ref-type="fig"}). Control plants (well-watered, in non-limiting S conditions) and plants subjected to individual stresses (WS or S--) were examined for comparison. Leaf water potential measurements confirmed that the water stress was moderate (--1.3 MPa, [Fig. 1B](#F1){ref-type="fig"}). The effect of individual and combined stresses was evaluated at maturity by measuring plant, pod, and seed characteristics ([Table 1](#T1){ref-type="table"}). Water stress did not significantly affect seed yield, although there was a slight decrease in individual seed weight and in the number of reproductive nodes. In contrast, S deficiency alone or combined with water stress significantly decreased yield by 38% and 65%, respectively. The stronger impact of the combined stress could be explained by a marked decrease of both individual seed weight (--34%) and seed number per plant (--48%). In addition, the combined stress increased seed abortion (+58% compared to the control), leading to fewer seeds per pod. These effects were not observed in response to the individual stresses, thus demonstrating the dramatic effect of S starvation combined with moderate water stress on seed production. Furthermore, pea plants subjected to the same S deficiency but experiencing a 3-d longer period of water stress (12 d) did not survive: the leaves dried out even though the water stress was moderate ([Supplementary Fig. S1A](#sup1){ref-type="supplementary-material"}).

###### 

Effect of water stress combined or not with S-deficiency on phenotypic characteristics at harvest in pea.

![](erz114t0001)

To determine whether the stresses affected early- and late-produced seeds differently, mature seeds were collected in four different groups (G1--G4) depending on (i) the time of pollination of the corresponding flower (before, at the time water stress was imposed, or during the water-stress period) and (ii) whether or not seeds had reached the FSSA 3 d after the end of the water-stress period (see Methods; [Fig. 1C](#F1){ref-type="fig"}). G1 seeds corresponded to flowering nodes that flowered before the beginning of the water stress period. G2 seeds corresponded to the flower that opened on the day that water stress was imposed. Both G3 and G4 seeds corresponded to flowering nodes that flowered during the water stress period but they could be distinguished according to the FSSA measurements: G3 seeds had reached FSSA 3 d after the end of the water-stress period, while G4 seeds were still in embryogenesis at this time. Plants subjected to the individual or combined stresses produced more nodes carrying G3 seeds and fewer nodes carrying G4 seeds than control plants ([Table 1](#T1){ref-type="table"}), indicating accelerated seed production. Interestingly, in the combined stress treatment, seeds from all reproductive nodes had reached FSSA (i.e. there were no G4 seeds), while seeds from the last reproductive nodes of plants grown in control or single-stress conditions were still in embryogenesis. In addition, all groups of seeds grown under the combination of water stress and S deficiency displayed a significant decrease in individual seed weight compared to the control treatment. Hence, the combined stress negatively affected individual seed weight whatever the developmental stage of the seeds exposed to water stress.

Seed protein composition is less affected by combined stress than by S deficiency alone {#s13}
---------------------------------------------------------------------------------------

To examine the influence of the individual and combined stresses on seed protein composition, total proteins of mature seeds of each group (G1--G4) in the different treatments were separated by 1-DE. A total of 27 individual bands were detected and quantified ([Fig. 2A](#F2){ref-type="fig"}), and 19 could be annotated following nanoLC-MS/MS analyses ([Supplementary Table S1](#sup2){ref-type="supplementary-material"}). The relative abundance of each protein band for each group of seeds is given in [Supplementary Table S4](#sup2){ref-type="supplementary-material"} and expressed as a ratio to the control in [Fig. 2B](#F2){ref-type="fig"}. These data showed that the short and moderate water stress alone did not significantly modify seed protein composition. In contrast, S deficiency drastically affected the accumulation of major proteins (i.e. storage proteins), as seen in [Fig. 2A](#F2){ref-type="fig"}. As expected, the major proteins whose relative abundance increased in response to S deficiency corresponded to 7S globulins (vicilins and convicilins, 0.47--0.86% S-AA in their sequence), and the major proteins whose relative abundance decreased corresponded to 11S globulins (legumins, 2.31% S-AA) and 2S albumins (3.03% S-AA). This resulted in a significantly higher 7S/11S ratio in G1--G4 seeds from S-- plants compared to the control (by 6.25- to 7.81-fold). Interestingly, fewer differences in the accumulation of 7S and 11S globulins were observed when S deficiency was combined with water stress, especially for G1 seeds ([Fig. 2](#F2){ref-type="fig"}), and the 7S/11S ratio was not significantly affected by the combined stress ([Fig. 2B](#F2){ref-type="fig"}, [Supplementary Table S4](#sup2){ref-type="supplementary-material"}). These data clearly demonstrated that the storage protein composition of all groups of seeds was much less affected by the combined stress than by S deficiency alone. The possible impact of these changes on seed germination capacity was investigated using three biological replicates of seeds pooled from all the groups G1--G4. Although the results were not statistically significant, the maximum percentage of germinated seeds after 96 h of imbibition (*G*~max~, [Table 1](#T1){ref-type="table"}) was lower for S-- and S--WS plants compared to control seeds, which achieved 100% germination after 68 h.

![Effects of water stress combined with S deficiency on protein composition of mature pea seeds from seed groups G1--G4. (A) Protein profiles of mature seeds from plants with or without stresses. Representative one-dimensional electrophoresis (1-DE) protein patterns for mature control seeds from G1--G4 are shown on the left. The 27 individual bands that were detected and quantified in all the seed groups are shown. Protein annotation refers to major proteins in each band, according to the Normalized Weighted Spectra counts ([Supplementary Table S1](#sup2){ref-type="supplementary-material"}). Six protein bands corresponded to 7S globulins (vicilins and convicilin, in green) and five to 11S globulins (legumins, in orange). One 1-DE gel illustrating qualitative changes in the accumulation of the 7S and 11S globulins between the different treatments is shown on the right for two biological replicates of G1 (G1-1, G1-2) and G3 (G3-1, G3-2). (B) Quantitative variations in response to stresses. Significant changes in the relative abundance of the protein bands are shown for each group of seeds compared to the control. The ratio of values for stressed plants versus control plants is indicated for each group. Note that no G4 seeds could be harvested for S--WS plants. The 7S/11S ratio corresponds to the relative quantity of 7S divided by that of 11S. The colors indicate whether the ratio decreased (grey scale) or increased (red scale) when values were significantly different to that of control seeds, as determined by ANOVA followed by a SNK test (*P*\<0.05, *n*=4 plants). The percentage of amino acids in the sequence of storage-proteins is indicated (S-AA, sulfur amino acids, methionine and cysteine). S--, S deficiency alone; WS, water stress alone; S--WS, combined stresses.](erz114f0002){#F2}

N/S balance in seeds subjected to S deficiency and/or water stress {#s14}
------------------------------------------------------------------

The mitigating effect on seed globulins of the combined stress compared to S deficiency alone prompted us to measure the S, N, and C concentrations in the same seed samples. The absolute quantity of each element per seed was calculated as well as the N/S and C/N ratios ([Supplementary Tables S5, S6](#sup2){ref-type="supplementary-material"}, summarized in [Table 2](#T2){ref-type="table"}). In mature pea seeds, N is predominantly stored in the form of proteins (N content multiplied by 5.4 represents the protein content according to [@CIT0047]) while C is mainly stored as starch ([@CIT0006]). Hence, the variations observed in this study for seed N and C contents reflected modifications in protein and starch contents in the seeds. The data indicated that the moderate water stress did not result in major changes in the SNC contents (%) and quantities (mg seed^--1^). In contrast, S deficiency alone or combined with water stress significantly decreased the S content and quantity per seed for all groups, and increased the N content in seeds in groups G1--G3. Interestingly, the N and C quantities per seed did not vary in response to S deficiency alone, whereas they decreased significantly in response to the combined stress ([Table 2](#T2){ref-type="table"}). Therefore, it is likely that the seeds of plants subjected to the combined stress had a reduced N and C demand compared to S-- plants, which was consistent with their lower weight (--11% in S-- versus --34% in S--WS, [Table 1](#T1){ref-type="table"}). Consequently, the seed N/S ratio only increased by 2.5-fold in response to the combined stress, whereas it increased by 4-fold in response to S deficiency ([Table 2](#T2){ref-type="table"}). Significantly, the seed N/S ratio was strongly correlated with the 7S/11S ratio (*R*=0.9, *P*\<0.001, [Supplementary Fig. S2](#sup1){ref-type="supplementary-material"}), suggesting that the N/S ratio can be used as an indicator of globulin composition in pea seeds.

###### 

S, N, and C contents and quantities, and N/S and C/N ratios in mature seeds from seed groups G1--G4

![](erz114t0002)

Differences in nutrient allocation between tissues of stressed plants {#s15}
---------------------------------------------------------------------

To link the seed characteristics with nutrient content and partitioning in different plant parts, SNC contents were measured in pod walls, roots, and reproductive and vegetative plant parts ([Fig. 3A](#F3){ref-type="fig"}), and the absolute quantity ([Fig. 3B--D](#F3){ref-type="fig"}) and partitioning ([Fig. 3E--G](#F3){ref-type="fig"}) of each element was calculated. There was a sharp decrease in S content and total S quantity in all compartments of the plants deprived of S ([Fig. 3A](#F3){ref-type="fig"}, [B](#F3){ref-type="fig"}) and the partitioning data indicated a reduced proportion of S in roots of these plants ([Fig. 3E](#F3){ref-type="fig"}), suggesting a major utilization of the root S reserves. In contrast, the proportion of S in pod walls increased significantly, suggesting a higher transfer of S into the pod walls and/or defects in S remobilization from them to the seeds ([Fig. 3E](#F3){ref-type="fig"}). Specifically, when S deficiency was combined with water stress, the proportion of N and C accumulated in the seed compartment decreased while it increased in pod walls, roots, and vegetative plant parts ([Fig. 3F](#F3){ref-type="fig"}, [G](#F3){ref-type="fig"}). These results reflected a decreased allocation of N and C to seeds in response to the combined stress. In support of this, higher chlorophyll contents were observed in leaves of the combined-stressed plants by the end of the reproductive phase ([Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}), suggesting later senescence.

![Effects of water stress combined with S deficiency on the accumulation and distribution of N, C, and S in different pea plant compartments at maturity. (A) Sulfur (S), nitrogen (N), and carbon (C) contents (%), and N/S and C/N ratios, in each compartment. (B--D) Absolute quantity (mg) of S, N, and C in each compartment. (E--G) Proportions of N, C, and S in the dry biomass (% dry weight) of each compartment. Data are means (±SE). Bold and colored values (A), different letters (B--D), or arrows (E--G) indicate significant differences as determined by ANOVA followed by a SNK test (*P*\<0.05, *n*=4 plants per condition). S--, Sulfur deficiency alone; WS, water stress alone; S--WS, combined stresses. Data are shown for seeds pooled from G1--G4.](erz114f0003){#F3}

Transcriptome changes in developing seeds subjected to drought and/or S deficiency {#s16}
----------------------------------------------------------------------------------

To gain insights into the molecular processes occurring in developing seeds at the end of the combined stress period, a transcriptome analysis was carried out for G2 seeds that experienced the combined stress throughout their early development (0--9 DAP, [Fig. 1](#F1){ref-type="fig"}). Samples collected from the different treatments at 9 DAP were subjected to paired-end RNA-seq. Between 15--33 million paired-end reads were generated per sample after adapter trimming and filtering of low-quality reads, and 91% were uniquely mapped to the pea reference genome ([Supplementary Table S2](#sup2){ref-type="supplementary-material"}). Of the 28 100 genes expressed in the seed samples, 2976 were differentially expressed in response to the stresses (*P*-adjust\<0.05). Annotation, sequences, and expression values of these differentially expressed genes (DEGs) are given in [Supplementary Table S3](#sup2){ref-type="supplementary-material"}. The reliability of the Illumina RNA-seq data was validated for 11 genes using quantitative RT-PCR. A strong correlation between the RNA-seq and RT-qPCR data was obtained (*R*^2^=0.97), thus validating our differential analysis ([Supplementary Fig. S3](#sup1){ref-type="supplementary-material"}). In total, 1394 and 1584 genes exhibited significantly higher and lower expression, respectively, in stress conditions compared to the control ([Fig. 4A](#F4){ref-type="fig"}), and about 40% of the transcriptomic changes (1199 out of 2976 DEGs) were shared between the S-- and S--WS treatments. Only two genes (out of 2976) had opposite regulation in response to the different stresses: a ferritin gene (Psat7g247120) was down-regulated in response to S deficiency but up-regulated in response to the combined stress, while a gene encoding an unknown protein (Psat5g068840) was up- and down-regulated in S-- and S--WS conditions, respectively ([Supplementary Table S3](#sup2){ref-type="supplementary-material"}). Interestingly, the number of DEGs was significantly higher in S-- (2523 genes) compared to S--WS (1652 genes), indicating important transcriptional modifications in response to S deficiency alone ([Fig. 4A](#F4){ref-type="fig"}). In contrast, moderate water stress did not induce a strong reprogramming of the transcriptome in developing seeds since only 11 genes were differentially expressed in the WS treatment (four genes induced and seven repressed; [Fig. 4A](#F4){ref-type="fig"}, [Supplementary Table S3](#sup2){ref-type="supplementary-material"}). Among the genes down-regulated by water stress were two legumins (Psat0s1923g0200 and Psat6tg055080), which were also down-regulated in the S-- and S--WS treatments. In total, eight globulins were among the DEGs: their expression decreased in response to S deficiency with or without water stress ([Supplementary Table S7](#sup2){ref-type="supplementary-material"}). Further examination of the RNA-seq data revealed 21 globulin transcripts expressed at low levels ([Supplementary Table S7](#sup2){ref-type="supplementary-material"}), indicating that, under our conditions, the G2 seeds at 9 DAP were at a transition stage towards storage protein accumulation.

![Effect of water stress combined with S deficiency on the transcriptome of pea seeds from group 2 (G2) at 9 d post-pollination. (A) Venn diagrams showing the numbers of up- and down-regulated genes in response to stresses compared to the control. (B) GO term enrichment analysis for the differentially expressed genes in response to stresses. Terms in the 'Biological Process' category are shown for genes up- and down-regulated in response to the different stresses. For each term, the number of genes present in the genome ('annotated'), the number of genes present in the gene lists ('significant'), and the associated *P*-value (Fisher's test, threshold of *P*\<0.001) are given. S--, S deficiency alone; WS, water stress alone; S--WS, combined stress.](erz114f0004){#F4}

Biological processes regulated in developing seeds in response to stresses {#s17}
--------------------------------------------------------------------------

A GO enrichment analysis (Elim method/Fisher's test, *P*\<0.001) of the DEGs indicated that several biological processes were similarly enriched in the list of genes responding specifically to S-- and in the list of genes responding to both S-- and S--WS ([Fig. 4B](#F4){ref-type="fig"}, [Supplementary Table S8](#sup2){ref-type="supplementary-material"}). These were related to 'Translation' and 'Photosynthesis' (down-regulated genes), and to 'Oxidation reduction processes' and 'Negative regulation of catalytic processes' (up-regulated genes). This indicated that similar biological processes were regulated in response to S deficiency alone and to the combined stress, but that these processes were regulated to a greater extent under S deficiency alone.

GO terms specifically enriched in the set of genes up-regulated in response to S-- and S--WS only (525 genes) were related to proteolysis, and S metabolism and transport ([Fig. 4B](#F4){ref-type="fig"}). These data and our observations that mature seeds produced under S-- or S--WS conditions had different N/S ratios prompted us to examine the transcriptional regulation of genes for S and N transport and metabolism in response to the stresses. The expression of genes for 20 of the 26 enzymes in [Fig. 5](#F5){ref-type="fig"} varied in response to S deficiency and/or to the combined stress, and the fold-change in expression was in most cases higher in response to S deficiency. Most of the genes involved in nitrate reduction and assimilation, such as nitrate reductase and glutamine synthetase, and in S metabolism, such as adenosine 5´-phosphosulfate (APS) reductase and methionine synthase, were up-regulated in response to S deficiency with or without water stress. One exception was the first enzyme of sulfate reduction (ATP sulfurylase 1, ATPS1), the expression of which was down-regulated under both conditions, probably because of the low amounts of sulfate in S--WS and S-- seeds. In connection with this, the expression of a sulfite oxidase, which synthesizes sulfate from sulfite, increased in these seeds, reflecting a need to provide sulfate from other S sources. Genes encoding sulfate, nitrate, and amino acid transporters were differentially expressed in response to the stresses ([Fig. 5](#F5){ref-type="fig"}). The most up-regulated was the homolog of *AAP8* (Psat1g164680), which in Arabidopsis plays a role in supplying the developing embryo with amino acids ([@CIT0066]).

![Effects of water stress combined with S deficiency on the expression of genes related to S and N transport and metabolism in pea. For each gene, the fold-change in expression under stress conditions compared to the control is given. The values are color-coded from low expression in blue to high expression in red, and values and enzymes in bold indicate significant differences between stress and control conditions. S--, S deficiency alone; WS, water stress alone; S--WS, combined stresses. Gene annotation refers to the closest *Arabidopsis thaliana* homolog ([Supplementary Table S3](#sup2){ref-type="supplementary-material"}). For each gene, the mean expression level under control conditions (expressed in counts) is given in square brackets. Enzymes: APK, APS kinase; APR, APS reductase; ATPS, ATP sulfurylase; CBL, cystathionine β-lyase; CBS, cystathionine β-synthase; CGS, cystathionine γ-synthase; γ-ECS, γ-glutamylcysteine synthase; GGT, γ-glutamyl transferase; GOGAT, glutamate synthase; GS, glutamine synthetase; GSHS, glutathione synthetase; GSHR, glutathione reductase; GPX, glutathione peroxydase; GST, glutathione S-transferase; HMT; homocysteine-*S*-methyltransferase; MMT, S-adenosylmethionine methyltransferase; MS, methionine synthase; NiR, nitrite reductase; NR, nitrate reductase; OAS-TL, OAS thiol-lyase; PIP, 3´(2´),5´-bisphosphate nucleotidase; SAHase, *S*-adenosylhomocysteine hydrolase; SAM, *S*-adenosylmethionine synthetase; SAT, serine acetyltransferase; SiR, sulfite reductase; SO, sulfite oxidase. Metabolites: AAP, amino acid permease; AdoMet, *S*-adenosylmethionine; APS, adenosine 5´-phosphosulfate; ASN, asparagine; ASP, aspartate; Cys, cysteine; Cyst, cystathionine; Gln, glutamine; Glu, glutamate; γ-GluCys, γ-glutamylcysteine; γ-CysGly, γ-cysteinylglycine; GSH, glutathione; GSSG, glutathione disulfide; Hcy, homocysteine; Met, methionine; OAS, O-acetylserine; PAPS, 3´-phoshoadenosine 5´-phosphosulfate; SAHC, *S*-adenosylhomocysteine; SMM, S-methylmethionine. Transporters: AAP, amino acid permeases; NPF, nitrate peptide transporter family; SULTR, sulfate transporters (green shading indicates N transport and metabolism).](erz114f0005){#F5}

Interestingly, the GO terms 'Protein Sumoylation' and 'Regulation of Transcription' were over-represented in the list of genes up-regulated in response to the combined stress (260 genes, [Fig. 4B](#F4){ref-type="fig"}). This suggested the establishment of translational and transcriptional regulation processes in response to the combined stress. A list of the genes encoding transcription factors (TFs) and SUMO-ligases specifically induced in the S--WS treatment is given in [Supplementary Table S9](#sup2){ref-type="supplementary-material"}. The closest Arabidopsis homologs of the pea TFs are mainly involved in embryogenesis, seed development/filling, and stress responses, and four of them have been described as being involved in abscisic acid (ABA)-related processes, including *ABA Insensitive 5* (*ABI5*).

Discussion {#s18}
==========

This study investigated the effects of two major constraints for crop growth and yield that are expected to occur increasingly in the near future in the context of climate change and low fertilizer input, namely water stress and S deficiency. The combined stress was applied during the flowering period, a key phase during which seed yield and quality are both established ([@CIT0052]). By comparing nutrient contents and partitioning with changes in seed yield components and protein composition, we have formulated an integrative view of the effects of the interaction between water stress and S deficiency in pea ([Fig. 6](#F6){ref-type="fig"}). Moreover, a transcriptome analysis of developing pea seeds (9 DAP) revealed the molecular processes occurring at the end of the combined stress period. Our results indicated synergistic and mitigating effects of these two combined abiotic stresses on seed yield components and seed composition, respectively, and revealed genes involved in the early response of pea seeds to these stresses.

![Summary of the effects of water stress with or without S deficiency on yield components, nutrient partitioning, and seed nutrient and protein composition at harvest in pea. (A) Summary for water-stress conditions. (B) Summary for sulfur-deficient conditions. (C) Summary for combined stress condition. The colors correspond to the ratios of values for stressed plants versus control plants, and indicate whether the ratio was significantly decreased (blue) or increased (red). S--, S deficiency; WS, water stress; S--WS, combined stresses.](erz114f0006){#F6}

S nutrition helps to maintain yield in pea plants exposed to a moderate water stress episode {#s19}
--------------------------------------------------------------------------------------------

Our results showed that short-term and moderate water stress during flowering in pea did not significantly affect seed yield and total plant biomass, although the individual seed weight and the number of reproductive nodes were slightly reduced ([Table 1](#T1){ref-type="table"}, [Fig. 6](#F6){ref-type="fig"}). A similar weak response was also observed by [@CIT0052], who reported that a short-term drought in pea of about 6 d (with a leaf water potential between --1.1 MPa and --1.4 MPa) did not lead to major developmental changes except for the number of flowering nodes. In contrast, S deficiency negatively affected yield components and seed composition ([Fig. 6](#F6){ref-type="fig"}), indicating that the amount of S accumulated during the first 3 weeks of plant growth was not sufficient to maintain seed production and quality. The combination of water stress and S deficiency had a synergistic effect on the reduction of seed yield ([Table 1](#T1){ref-type="table"}, [Fig. 6](#F6){ref-type="fig"}), leading to a decrease of the harvest index, which suggests failure in the allocation of assimilated photosynthates to seeds ([@CIT0069]). In addition, S-deficient plants experiencing a water-stress period that was 3 d longer did not survive ([Supplementary Fig. S1A](#sup1){ref-type="supplementary-material"}), which demonstrated the critical need to maintain S nutrition in order for pea to maintain yield when facing water stress, even if the stress is moderate.

The strong response of S-deprived pea plants to water stress may be explained by a reduced adaptation to water stress. This could be in part attributed to the role of S in the production of metabolites that play roles in repair (e.g. the methyl donor *S*-adenosylmethionine), osmoprotection or antioxidation ([@CIT0017]; [@CIT0005]). In particular, detoxification of increased levels of reactive oxygen species (ROS) produced during the drought period ([@CIT0020]) may necessitate an increased production of the ROS-scavenger molecule glutathione, the level of which drastically decreases in plants grown under S deficiency ([@CIT0054]; [@CIT0056]). Alternatively, the response of double-stressed plants may be attributed to the role of sulfate and sulfide in signaling stomatal closure ([@CIT0026]; [@CIT0046]; [@CIT0063]), possibly by promoting ABA biosynthesis or gating open the anion channel of guard cells ([@CIT0016]; [@CIT0046]). Plants grown under combined stress conditions could thus be more susceptible to drought due to defects in stomatal closure. In addition, studies in maize have shown that drought can affect the long-distance mobility of sulfate ([@CIT0001]). Such an impairment of the root-to-shoot transport of sulfate might exacerbate the negative effect of S deficiency on the production in double-stressed leaves of sulfate-derived metabolites that are essential for the survival of the plant.

One of the main findings of our study was that the combined stress impeded reproductive development of pea. Double-stressed plants produced fewer reproductive nodes, fewer and smaller seeds, and FSSA was reached earlier in these plants ([Fig. 1](#F1){ref-type="fig"}, [Table 1](#T1){ref-type="table"}), reflecting adaptive mechanisms aimed at accelerating seed production to ensure the survival of the species, as previously observed in response to drought ([@CIT0023]) or S deficiency ([@CIT0034]). This was associated with a reduced leaf chlorophyll content during the early reproductive phase ([Supplementary Fig. S1B](#sup1){ref-type="supplementary-material"}), an indication of senescence, which is a highly regulated process providing nutrients to newly formed organs, including developing seeds ([@CIT0032]). The reduced level of leaf chlorophyll could be attributed to a lower production of sulfate-derived molecules and in particular sulfide, which has been shown to prevent autophagy and senescence in Arabidopsis ([@CIT0003]; [@CIT0025]). By contrast, chlorophyll content remained higher in leaves of the double-stressed plants by the end of the reproductive period ([Supplementary Fig. S1B](#sup1){ref-type="supplementary-material"}), presumably because the seed compartment no longer needed to be supplied with nutrients. This was consistent with the nutrient partitioning between plant organs, especially for C and N, the contents of which remained high in the roots and in the vegetative parts of the plant, and increased in the pod walls, a sign that nutrients could no longer be translocated to seeds ([Fig. 3](#F3){ref-type="fig"}).

Water stress mitigates the effects of S deficiency on the developing seed transcriptome and rebalances the protein composition in mature seeds {#s20}
----------------------------------------------------------------------------------------------------------------------------------------------

S deficiency decreased the relative abundance of S-rich globulins (11S) in pea seeds ([Fig. 2](#F2){ref-type="fig"}), as previously described for this species ([@CIT0019]; [@CIT0028]), and for other crops (e.g. wheat, [@CIT0010]; rapeseed, [@CIT0024]). This has been shown to be primarily regulated at the transcriptional level ([@CIT0018]) and it is compensated by an increase in the S-poor 7S globulins ([@CIT0019], [Fig. 2](#F2){ref-type="fig"}). Seed N content, which is proportional to seed protein content by a multiplication factor of 5.4 in pea ([@CIT0047]), was significantly higher in seeds from S-deficient plants ([Table 2](#T2){ref-type="table"}). This was also the case for plants subjected to the combined stresses, and hence the conditions used in this study revealed adaptive processes that kept the seed protein content high through the accumulation of 7S globulins. Interestingly, the seed protein composition was less affected by the combined stresses, reflecting a mitigating effect of water stress ([Figs 2](#F2){ref-type="fig"}, [6](#F6){ref-type="fig"}). Similar results have been obtained in oilseed rape, where heat stress during seed filling has been shown to mitigate the negative effect of S deficiency on the S-poor/S-rich globulin ratio ([@CIT0014]). In our experiments, the S quantity per seed was similarly low in the S-deficient and combined-stress plants, while the N and C quantities per seed specifically decreased in response to the combined stress ([Supplementary Table S5](#sup2){ref-type="supplementary-material"}, [Fig. 3](#F3){ref-type="fig"}, [Table 2](#T2){ref-type="table"}). Because of the reduced weight of the seeds from the combined-stress plants, we hypothesized that these seeds required less N and C to be filled, enabling a better balance between N and S compared to seeds of plants deprived of S. Accordingly, the N/S ratio was less affected in seeds of the double-stressed plants compared to S deficiency alone ([Table 2](#T2){ref-type="table"}, [Supplementary Table S5](#sup2){ref-type="supplementary-material"}). Hence, our data demonstrated a lower seed sink strength for N and C but similar seed S uptake, thus rebalancing the seed protein composition ([Fig. 6](#F6){ref-type="fig"}). We assumed that this would reduce the sensing of S deficiency and mitigate its effect on the developing seed transcriptome. Accordingly, fewer genes were regulated in response to the combined stresses than under S deficiency alone. Moreover, similar biological processes were regulated in response to S deficiency alone and to the combined stresses, but the extent of the transcriptional regulation was greater under S deficiency than under the combined stresses ([Fig. 4](#F4){ref-type="fig"}).

In order to identify candidate genes for rebalancing the N/S ratio in response to the double-stresses, we examined the expression of genes related to S and N metabolism and transport in developing seeds that were at a transition stage towards storage-protein accumulation (9 DAP, [Supplementary Table S7](#sup2){ref-type="supplementary-material"}). This revealed a tight regulation of these genes by S deficiency with or without water stress ([Fig. 5](#F5){ref-type="fig"}). In fact, the genes of almost all enzymes of S metabolism, from APS reductase to methionine synthase, were up-regulated in response to these stresses. Three up-regulated genes encoded isoforms of serine acetyltransferase, which catalyses the synthesis of O-acetylserine, the precursor of cysteine, from serine and acetyl-CoA, and thus represents a key enzyme connecting S metabolism with the N and C metabolisms. O-acetylserine has been proposed to act as a signal in the transduction pathways sensing S and N availability ([@CIT0039]): its accumulation in the siliques of Arabidopsis increases in response to low-S and high-N conditions, and exogenous application of O-acetylserine to immature soybean cotyledons regulates seed storage-protein accumulation in a similar way to S deficiency (i.e. decrease of S-poor globulins; [@CIT0039]). In our present study, the similar regulation of genes related to N and S metabolism (including serine acetyltransferase) in S-- and S--WS seeds strongly suggested that the rebalancing of globulin composition in the double-stressed seeds did not involve specific regulation of these pathways, at least within the seed.

The rebalancing of the seed globulin composition in the double-stressed seeds could be controlled at the transcriptional level through the recognition by specific TFs of motifs in storage-protein promoters ([@CIT0030]). Interestingly, one of the two GO terms with a significantly high occurrence in the list of genes specifically up-regulated in response to the combined stresses in seeds at 9 DAP was 'Regulation of transcription' ([Fig. 4B](#F4){ref-type="fig"}). This list of regulators included six TFs with a known role during seed development ([Supplementary Tables S8, S9](#sup2){ref-type="supplementary-material"}), such as ABI5 that is necessary for accumulation of 47-kDa vicilin in mature pea seeds ([@CIT0041]). Studies in common bean (*Phaseolus vulgaris*) suggest that ABI5 interacts with the 7S globulin promoter through a G-box motif ([@CIT0053]), which is essential for beta-phaseolin (7S) accumulation ([@CIT0058]). The up-regulation of ABI5 in response to the combined stresses was intriguing since vicilins did not accumulate in seeds of the double-stressed plants to as high an extent as they did under S deficiency alone ([Fig. 2](#F2){ref-type="fig"}). Hence, the activity of ABI5 might be tightly regulated in these seeds to avoid an over-accumulation of vicilins at the expense of legumins. Interestingly, the second GO term enriched in the list of genes up-regulated in response to the combined stress was 'Protein sumoylation' ([Fig. 4B](#F4){ref-type="fig"}), and the two genes carrying these GO terms were homologous to AT5G60410 ([Supplementary Tables S8, S9](#sup2){ref-type="supplementary-material"}), a small ubiquitin-related modifier (SUMO) E3 ligase named SIZ1, which has been shown in Arabidopsis to negatively regulate ABI5 activity through sumoylation ([@CIT0049]). Owing to the co-regulation of *SIZ1* and *ABI5* in early developing seeds in response to the combined stresses, it is possible that SIZ1 plays a role in controlling the activity of ABI5 under these conditions. In future work, it will be interesting to test whether sumoylation of ABI5 occurs in seeds through SIZ1 to prevent a high accumulation of vicilins under S deficiency in order to maintain the N/S ratio as much as possible when the sink strength for N is reduced, as observed for seeds of the double-stressed plants.

Conclusions {#s21}
===========

This study revealed the importance of S for stabilizing seed yield in pea plants facing short and moderate episodes of water stress, and showed that the adaptive responses of S-deprived plants to water stress are much more complicated than a simple additive response. The combined stresses induced pleiotropic effects that were aimed at accelerating seed production, specifically leading to seed abortion, while rebalancing the seed globulin composition, probably as the result of a lower seed sink strength for N. Moreover, combined stress mitigated the impact of S deficiency on the transcriptome of seeds at 9 DAP. The transcriptomics data clearly advance our knowledge of the molecular responses of developing pea seeds to S deficiency occurring either with or without water stress. Candidate genes for fine-tuning the regulation of globulin synthesis under stressed conditions were identified, and our future work will investigate their relevance for potential applications (e.g. for stabilizing the accumulation of S-rich globulins) by reverse genetics using TILLING (Targeting Induced Local Lesions in Genomes) mutants in pea ([@CIT0022]).

Supplementary data {#s22}
==================

Supplementary data are available at *JXB* online.

Fig. S1. Effects of water stress combined with S deficiency plant phenotype and estimated leaf chlorophyll content.

Fig. S2. Correlation between the N/S and 7S/11S ratios in mature seeds from groups G1--G4.

Fig. S3. RT-qPCR validation of the RNA-seq results.

Table S1. List of proteins identified by LC-MS/MS in the 1-DE protein profile of seeds.

Table S2. Summary of RNA-seq mapping results.

Table S3. List of genes differentially expressed in response to stresses compared to the control.

Table S4. Detailed protein composition of the different groups of mature seeds.

Table S5. Effects of stresses on S, C, and N contents and quantity in each group of seeds.

Table S6. Variation in S, C, and N contents and quantity between seed groups for each treatment.

Table S7. Expression of globulin genes in seeds at 9 DAP.

Table S8. GO term enrichment analysis for the differentially expressed genes.

Table S9. List of genes encoding transcription factors and SUMO-ligases specifically up-regulated in response to the combined stresses.
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Data deposition {#s23}
===============

The MS proteomics data have been deposited to the ProteomeXchange Consortium (<http://proteomecentral.proteomexchange.org>) via the PRIDE partner repository ([@CIT0075]) with the dataset identifier PXD011029. The raw RNA-seq data have been deposited to the NCBI SRA database (<http://www.ncbi.nlm.nih.gov/bioproject/>) under accession number PRJNA517587.
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